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The International Joint Commission (IJC) has identified approximately 1,000 substances of potential concern in the Great Lakes (GL) ecosystem. The IJC Water Quality Board identified 11 of these substances as priority contaminants. They are total polychlorinated biphenyl, mirex, hexachlorobenzene (HCB), dieldrin, DDT and metabolites of DDT, 2,3,7,8-TCDD, 2,3,7,8-tetrachlorodibenzofuran (TCDF), benzo[a]pyrene, alkylated lead, toxaphene, and mercury. These contaminants were selected based on the following criteria: persistence in the environment, potential to bioconcentrate and bioaccumulate, and toxicity (1) . Only polychlorinated biphenyls (PCBs), DDT , metabolites of DDT, and mercury have been systematically assessed in basin residents who consume sport fish from the Great Lakes. Few studies have been conducted to assess the body burden levels of other organochlorine compounds (dioxin, furans, and coplanar PCBs) (2) (3) (4) . Among
Canadian residents who reside within and outside of the Great Lakes basin, two studies found body burden levels to be higher among fish consumers than nonconsutners; however, neither of the studies induded residents who consumed sport fish from Lakes Michigan, Huron, and Erie.
The presence of high concentrations of DDT and its metabolites in GL sport fish has been known since the 1960s (5) . To minimize human exposure, public health sport fish consumption advisories were initiated by many states. In addition, the use of PCBs, DDT, and other chlorinated pesticides were banned in the United States in the 1970s. Stringent industrial discharge regulations, imposed since the contamination was identified, have resulted in substantial declines in the concentration of these chlorinated compounds in GL sport fish. Despite initial success in decreasing contaminant concentrations, most of the GL states continue to issue sport fish consumption advisories.
The dietary pathway dominates population exposure routes to lipophilic, bioconcentrating contaminants (estimated at 40-100% of exposure) (6) . For GL anglers, consumption of fish from basin waters is the largest contributor to their dietary exposure component. Sport anglers who consume large quantities of such fish represent a subpopulation with the potential for significant exposure to contaminants known to be present in fish (7, 8) . Approximately 11% of basin residents hold sport fishing licenses. In 1991, an estimated 2.55 million licensed anglers fished on one or more of the Great Lakes (9) . The sport fishing industry has been estimated to contribute over $1.3 billion annually to the basin economy (10) . GL basin residents included in EPA National Human Adipose Tissue Survey (NHATS) ranked third among nine regions in tissue burdens of the substances surveyed (11) . In addition, multiple human epidemiologic studies have correlated sport fish consumption with increased tissue concentrations, substantiating that consumption of sport fish is an important exposure pathway to critical pollutants (7, 8, 12, 13 (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) 28 (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) 23 (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) Urine sample collection. Prior to the blood collection appointment, each participant received materials along with instructions needed to collect a urine specimen. Each participant collected the first morning void the day of the appointment and transported the specimen to the clinic at the time of the scheduled appointment.
Laboratory Analyses
Copies of a summary of the methods, quality control protocols, or limits of detection are available upon request. The methods used for laboratory analysis have been described in detail (14) . Briefly, 75 ml serum was tested for 8 polychlorinated dibenzo-p-dioxins (PCDDs), 10 polychlorinated dibenzofurans (PCDFs), and 4 coplanar PCB congeners, according to the high resolution mass spectrometric method of Patterson et al. (15) . The results were summarized on a lipid adjusted (ppt) basis (16 (Table 3 ). All fish is the number of all types of fish, purchased or sport caught, consumed in the last year. GL sport is the sum of the number of different types of GL sport fish consumed in the last year. The GL sport variable is the mean of the sum for all subjects.
Laboratory data. The dioxin total (Table 4) , furan total (Table 5) , and coplanar PCB total (Table 6 ) were calculated to describe the total concentration of all dioxin, furan, and coplanar PCB congeners. For each subject, the following variables were created: 1) dioxin sum, the sum of the eight dioxin congener values; 2) furan sum, the sum of the 10 furan congener values; and 3) coplanar PCB sum, the sum of the four coplanar PCB congener values. The dioxin, furan, and coplanar PCB totals are the sample means of the three respective summed variables. This method was used for the concentration (ppt) and the 2,3,7,8-TCDD equivalents (TEq).
The variable PCB total (Table 7 ) was calculated to describe the total concentration of all PCB congeners. For each subject, all PCB congener concentrations were summed. PCB total is the mean of the sum for all subjects.
Statistical estimation of nondetectable values. The methods described by Hornung and Reed (27) were used to estimate the average for the dioxins, furans, coplanar and congener-specific PCB residues, serum pesticides, and urine nonpersistent pesticides (all compounds except metals). For the dioxins, furans, coplanar PCBs, congenerspecific PCBs, and PBBs, the following guidelines were used: if <50% of the sample had nondetectable values for a compound, the concentration for the nondetectable was imputed by dividing the limit of detection by the square root of 2; if >50% of the sample had nondetectable values for a compound, the concentration was assigned half the limit of detection. Next, each imputed value was compared to the median; if it was greater than the median, the median was assigned as the concentration. If it was less than the median, the imputed value was assigned. For the serum pesticides and urine nonpersistent pesticides, the following guidelines were used: the concentration level for the nondetectable values were imputed by dividing the limit of detection by 2; the nondetectable values for the metals were set to zero.
Toxic equivalents. The total TEq for dioxins, furans, and coplanar PCBs can be found in Tables 4-6 and has been described above. The TEq for each congener is the product of the congener's toxic equivalent factor (TEF) and serum concentration (ppt). The TEFs for the dioxin and furan congeners used in this study are described by the EPA (28) . The TEFs for the coplanar PCBs are described by Alborg et al. (29) . Because comprehensive data, including long-term carcinogenicity studies and multigenerational reproductive studies only exist for 2,3,7,8-TCDD and it is considered the most toxic congener, assignment of TEFs for the other 7 dioxins, 10 furans, and 4 coplanar PCB congeners included in this study are relative to 2,3,7,8-TCDD.
The percent TEq for dioxins, furans, and coplanar PCBs were calculated. The total TEq was calculated by summing the dioxin total TEq, furan total TEq, and coplanar PCB total TEq. The proportion of TEq due to dioxin was calculated by dividing the dioxin total TEq (Table 4) by the total TEq. The proportion of TEq due to furans was calculated by dividing the furan total TEq (Table 5 ) by the total TEq. The proportion of TEq due to coplanar PCBs was calculated by dividing the coplanar PCB total TEq (Table 6 ) by the total TEq. All proportions were multiplied by 100 to obtain the percent TEq.
General population comparison laboratory values. A concurrent referent group was not identified in this study. Comparison data were chosen from previous studies to represent the general population with no apparent exposure to the analytes being studied. These groups were chosen because dRange not available.
they were part ofstudies that were conducted outside of the Great Lakes basin, so there is little chance these individuals frequently consumed GL sport fish. value of the sample. The intent of this study was to develop descriptive profiles of environmental contaminants in human tissues of GL sport fish consumers. KruskalWallis (3 stratum) and Wilcoxon (2 stratum) nonparametric tests of significant difference between lake subgroups and gender were conducted. Lake-specific group numbers are small; convenience volunteers were selected to meet minimum GL fish consumption rates and not intended to be representative of any specific regional or angling group. Therefore, we did not develop multivariate models to determine the association between fish consumption habits and serum contaminant levels.
Results
Demographic andfish consumption characteristics. Review of the interviews with participants identified one individual who reported unusual occupational/environmental exposures. This subject had been a herbicide worker, pesticide worker, farmer, fire fighter, and plasticizer maker. The subject also consumed a large amount of GL sport fish in the last 12 months (96 meals) and had the highest serum total PCB level in the group (57 ppb), nearly four times the highest level in the remainder of the group. Because of these previous exposures and this elevated total PCB level, this subject was excluded from the analysis. The remaining 31 individuals, who did not report any unusual personal, occupational, or environmental sources of exposure to the compounds being evaluated, were induded in the study sample. cAnother laboratory conducted the analysis.
dFrom a CDC study on mercury levels in subjects exposed to latex paint. were PCB 28, PCB 99, PCB 138, PCB 146, PCB 153, and PCB 180. Except for PCB 101 and PCB 180, PCB levels among all subjects were above the comparison group levels for those congeners that could be directly compared. The average serum level of PCB 180 in Lake Michigan fish consumers was 0.6 ppb; the comparison group had 0.4 ppb. The mean total PCB level for all subjects was 5.2 ppb compared to 1.2 ppb for the comparison group. Lake Michigan fish consumers had the highest total PCBs, with an average of 8.6 ppb, and Lake Erie had the lowest with 2.2 ppb.
Polybrominated biphenyls. The identification of PBBs in the serum samples is summarized in Table 13 . When the data are stratified by lake, on average, the Lake Huron fish consumers had the highest level of PBBs (0.6 ppb) and Lake Erie fish consumers had the lowest (0.2 ppb). The data were then stratified by state of residence; on average, GL sport fish consumers who live in Michigan had the highest PBB level (0.7 ppb) and residents of Wisconsin had the lowest level (0.05 ppb).
Discussion
Our nonrandom sample represents a subset of sport anglers whose lifestyle routinely includes frequent consumption of their catch and who did not report unusual occupational or environmental exposures to these chemicals. Our group averaged 49 GL sport fish meals a year for a mean of 33 years. A recent random telephone survey of adult residents in all eight Great Lakes states found that approximately 8% had consumed GL fish in the previous year (34) . Among the GL fish consumers in that survey, the median annual consumption was 6.5 meals per year. Clearly the amount and duration of GL fish consumption of our group places them among the most highly exposed. Thus, they should represent sentinels for the accumulation of contaminants from GL sport fish. Our findings indicate that contaminant concentrations from the select comparison groups were lower than concentrations among the convenience sample. These findings suggest that GL sport fish consumption contributes to the body burden of select contaminants among high consumers. However, some of the comparison groups were subpopulations who reside outside the Great Lakes basin region; higher residue values in our group compared to these could possibly be influenced by regional differences in generic food and air and water exposures.
This study provides two independent means of qualitatively assessing the contribution of sport fish consumption to the measured biomarkers. First, we compare Environmental Health Perspectives * Volume 106, Number 5, May 1998 the observed levels to those of selected comparison populations. Because a concurrent referent group could not be established at the onset of the study, we used several different groups from the available published literature and unpublished data sets. For all but three analytes (urine arsenic, nickel, and congener-specific PCBs), we used comparative data developed by the NCEH/CDC laboratory. This minimized interlaboratory differences that can further add to uncertainties in our comparative evaluation. We found that few data exist which can be used to represent the general nonsport fish consuming population, and most general population comparison groups do not provide information on sport fish consumption. Despite this weakness in our study, many of the levels were higher than the comparison groups. Second, we stratified our participants by the Great Lake where they predominantly fished. If sport fish consumption was a contributor to observed biomarker levels, the different lake-specific levels of fish contamination would be reflected by differing body burdens. Even though our lake-specific groups had similar fish consumption rates, the levels of contaminants differed: Lake Michigan and Lake Huron have similar levels, but Lake Erie has the lower body burden levels. Of the three lakes targeted by our anglers, Lakes Michigan and Huron fish have quite similar levels of contamination and Lake Erie has lower fish tissue concentrations. Fish monitoring data from the EPA indicate that fish contaminant levels differ among the lakes (35) . The levels are lower among Lake Erie fish and higher among fish from Lakes Michigan and Huron.
Schmitt et al. (36) provided information about contaminant levels in U.S. freshwater fish. For most chemicals, the levels were higher in the fish from Lake Michigan than levels in fish from Lakes Huron 10 analytes associated with nonpersistent pesticides in urine had unusual mean levels compared to the selected comparison group; however, the data suggested that some interlake differences may exist for 1 -naphthol and 2-naphthol. For both compounds, Lake Michigan and Erie subgroups had similar mean levels, and the Lake Huron subgroup was the lowest. There is little lake-specific environmental fish tissue data for these analytes, which makes the assessment of the contribution from fish consumption difficult. The differences among the lakes for these two compounds, although within NCEH/CDC laboratory reference range, may reflect regional or residential differences in air and water pollution or local dietary exposures. The lack of interlake differences found among the other nonpersistent pesticides may be due to the small sample size.
Metals. There are many occupational, environmental and dietary sources of exposure to metals. Elevated arsenic, organic mercury, and lead excretion have previously been associated with consumption of fish and shellfish (13, 37, 38) .
Blood mercury is an indicator of exposure to organic mercury compounds, such as methylmercury present in fish tissue. Urinary mercury best reflects inorganic mercury exposure, primarily from nonfish-related sources. Mean blood mercury concentrations in our study group were consistently higher, both overall and by lake subgroup, than the mean from the comparison group level, but still within the NCEH/CDC laboratory reference range (<30 pg/I). Even though none of the individual values approached a level of clinical concern, the fact that mercury levels among the sample were higher than background values suggests that methylmercury from fish consumption is the explanation for this slight increase. The finding that urinary mercury levels, which reflect inorganic mercury exposure, were similar or lower than the comparison group supports our conclusion that this sample may not have been exposed to mercury from nonfish sources. The mean urine mercury levels in the study sample were lower than mean comparison group levels, which confirms the self-reports of our group that they had no unusual occupational or environmental exposure to elemental mercury. The overall mean blood lead level of the sample was somewhat higher than the mean level of the comparison group, but well below levels of clinical concern or levels commonly seen in lead-exposed occupational groups. Our finding is consistent with a prospective study of Lake Michigan sport fish consumers (37) . For those with only incidental environmental exposure to lead, sport fish consumption may be a discernable source of lead exposure.
Mean urine concentrations of arsenic, cadmium, nickel, and chromium were not unusual. Except for cadmium (30 of 31 detects), the other metals were detected in less than one-third of urine samples. Although studies of fish and shellfish consumers suggest that arsenic excretion might have been increased, we did not observe such a pattern. In our group, only six subjects (19%) had arsenic above the limit of detection (4 pg/1) and five of the six consumed fish from Lake Huron. Also of interest was the mean chromium level in the Lake Huron subgroup, which was two times that of the comparison group. Several individual nickel and chromium values fell outside the range of the comparison group, suggesting an occupational, environmental, or dietary source of exposure. Although not a high priority for our study, additional investigation of the Lake Huron area for metal contamination may be warranted.
Chlrinated pesticides. With the exceptions of HCB, heptachlor epoxide, and y-HCH, the study group had overall median residue concentrations above the median values of the comparison groups. The elevated levels of compounds (except for p,p'-DDT) among lake comparisons followed a similar pattern, with Lake Michigan median values being the highest, followed closely by Lake Huron and then Lake Erie, which had considerably lower levels. This parallels the pattern seen in the available EPA fish tissue-monitoring data (35) .
For most of the chlorinated pesticide compounds measured, the Lake Erie subgroup had the lowest median level observed. However, the median level ofp,p'-DDT for Lake Erie fish consumers was higher than for Lake Huron consumers but lower than Lake Michigan fish consumers. All three lake groups had similarly low median o,p'-DDT residue levels. No o,p'-DDT was detected in the comparison group.
Volume 106, Number 5, May 1998 * Environmental Health PerspectivesAmong all subjects, trans-nonachlor had the highest median level (0.6 ppb) among the eight non-DDT related pesticide residues assessed and had the second highest level after DDE (5.2 ppb). transNonachlor was followed by oxychlordane (median 0.3 ppb) and dieldrin (median 0.2 ppb). Because the participants did not report occupational exposure to these compounds, GL sport fish consumption is likely a prominent source of exposure.
Of interest was f-HCH, which was noticeably higher in the Lake Michigan group (median 0.5 ppb) than in either the Lake Huron (median 0.05 ppb), the Lake Erie (median 0.05 ppb), or the comparison groups (the median was not detectable). This may represent a contaminant of special interest and may warrant further investigation in Lake Michigan.
Our results are consistent with other studies that found DDE to be the predominant DDT metabolite present in human serum. However, our data show that other organochlorine pesticide residues, especially trans-nonachlor, oxychlordane, and dieldrin are also commonly detected in frequent fish consumers and should be considered when evaluating the health hazards of fish consumption.
Polychlorinated dibenzodioxins. Of the eight dioxin congeners evaluated, the overall mean values for four (2, 3, 7, 1, 2, 3, 7, 1, 2, 3, 6, 7, 1, 2, 3, 4, 6, 7, were dearly above the comparison group. For all four congeners, the Lake Huron subgroup had the highest mean levels, followed by the Lake Michigan subgroup, with the Lake Erie subgroup having the lowest mean levels. This order (Lake Huron >Lake Michigan >Lake Erie) is the same as for PCDFs, but different from the mean levels of chlorinated pesticides and PCBs (coplanar and other congeners). For dioxin total TEq, the same lake subgroup order persists (Lake Huron, 36 TEq; Lake Michigan, 25.9 TEq; Lake Erie, 20.7 TEq). All three subgroups exceed the mean TEq for the comparison group (15.5 TEq). The differences between lake subgroups observed in this sample parallel the pattern seen in the available EPA fish tissue monitoring data (35) .
Our data suggest that consumption of GL fish contributes enough to the body burden of PCDDs to allow sport fish consumers to be differentiated from the general population. Statistical differences in TCDD levels between lake subgroups were found to be significantly different (p<0.03). The mean of the Lake Huron subgroup is twice that of Lakes Michigan and Erie and nearly four times the background mean level. In addition, the mean PCDD levels for Lake Michigan and Lake Erie subgroups are quite comparable, and the mean for the Lake Huron subgroup was the highest. Only four PCDD congeners in our study seem to be increased in our frequent sport fish consumption group: TCDD appears the most likely to have a substantial contribution from sport fish consumption. Further investigation of PCDD congener residues in the general population is needed before the proportional contribution of GL sport fish consumption can be fully understood. For these, the rank order of the lake subgroup was not as noticeable as that seen for the PCDD congeners. For the PCDFs, mean levels for Lake Huron and Lake Michigan subgroups were comparable, and Lake Erie was the lowest.
For the PCDDs, the greatest ratios between the overall means, the lake subgroup means, and the comparison group means were seen for TCDD. The mean levels of 2,3,4,7,8-pentaCDF were more than twofold higher in the Lake Michigan and Lake Huron subgroups than in the Lake Erie subgroup. For this same congener, means levels were four times higher in the Lake Michigan and Lake Huron subgroups than in the comparison group.
Using TEq sums to derive a composite of PCDF residues, the overall furan total TEq is twice that of the comparison group, and the furan total TEqs for all three lake subgroups exceed the comparison group. While GL fish consumption appears to contribute to PCDF tissue residues, the relative contribution appears to be less than for the PCBs and chlorinated pesticides.
Coplanar PCBs. Of the four coplanar PCBs evaluated, the overall mean levels for PCB 77 and PCB 81 were similar or slightly higher than the comparison group. However, lake subgroup differences followed the rank order observed for the chlorinated pesticides and the other PCB congeners (Lake Michigan >Lake Huron >Lake Erie). PCB 126 and PCB 169 exhibited the greatest increase in the mean levels for all subjects, the comparison group, and lake subgroups. The mean PCB 126 level for the Lake Michigan subgroup was nearly 10 times that of the Lake Erie subgroup and almost 15 times that of the comparison group. Among all the compounds evaluated, the means for two coplanar PCB congeners-PCB 126 and PCB 169, show the greatest increase between the overall mean and the comparison group as well as among lake subgroups.
When evaluating the total TEqs, these differences are even more apparent.
The percent TEq of the coplanar PCB total TEq was found to be considerably higher than the dioxin total TEq and the furan total TEq and was distinctly different among lakes. The percent TEq due to coplanar PCBs was 45% among the Lake Michigan subgroup, 31% among the Lake Huron subgroup, 15% among the Lake Erie subgroup, and only 8% among the comparison group. In contrast, if the coplanar PCB concentrations are added to the other measured PCB congeners, they add a constant 4-5% to each subgroup and to the comparison group. Even though coplanar PCBs have similar chemical properties as the dioxin and furan congeners, they are more closely correlated with the congener-specific PCBs.
Congener-specific PCBs. Consistent with past studies of GL sport fish consumers, total PCBs were considerably higher in our total group, as well as in each lake subgroup, than in the comparison group. However, the mean of total PCBs is low compared to those of Hovinga et al. (7) . These differences can be explained by the decrease in contaminant levels in sport fish over 20 years, as well as differences in laboratory methodology used [Humphrey (7) used packed column gas chromatography and we used capillary column gas chromatography], but the ratio of the Lake Michigan subgroup to the comparison group was quite similar. Our Lake Michigan subgroup mean was seven times the comparison group. Among lake subgroups in this study, the same congeners were the most prevalent in all groups. As seen with other residues, the mean congener-specific PCB interlake differences follow the same order as seen in the EPA fish tissue monitoring (Lake Michigan >Lake Huron >Lake Erie). Of all the comparison groups used in this study, the PCB comparison group is most representative of individuals from the GL basin. These individuals were randomly selected from GL basin cities and reported eating very little or no GL fish.
Polybrominated biphenyls. In 1976, dairy cattle feed in Michigan was accidentally contaminated with a fire retardant containing PBBs. Before the contamination was recognized and efforts could be made to eliminate spread through the human food chain, most residents of Michigan were exposed to PBBs through consumption of contaminated dairy and meat products (39, 40) . Table 13 shows that the PBB residues may be more associated with the state of residence than the lake from which fish were consumed. This is consistent with the identified Michigan dairy product route of exposure (39 Mean and median tissue residue concentrations of chlorinated pesticides, PCBs (especially coplanar PCBs), dioxin and furan TEqs and several specific PCDD and PCDF congeners were higher than background levels among GL sport fish consumers. Lake subgroup differences are analogous to available fish tissue monitoring data.
Our data support the conclusion that GL anglers who are life-long frequent consumers of sport fish represent a subpopulation with the potential for significant exposure to contaminants present in fish. Our sample of life-long frequent consumers of sport fish from three different Great Lakes proved to include effective sentinels for identifying sport fish contaminants of concern. Not unexpectedly, the persistent bioaccumulative compounds found in sport fish and human tissue residues had levels above those seen in the general population. The nonpersistent pesticides and most metals were not identified in unusual concentrations. A contaminant pattern among the three Great Lakes was evident. Lake Erie sport fish consumers had consistently lower contaminant concentrations than consumers of Lake Michigan and Lake Huron sport fish. These differences are consistent with the patterns seen in sport fish tissue monitoring from these lakes. Levels of most compounds were similar in Lake Michigan and Lake Huron fish consumers; however, Lake Michigan anglers had higher PCB and chlorinated pesticide residues than the Lake Huron subgroup, and Lake Huron fish consumers had higher levels of dioxin and furan congeners.
Monitoring body burdens of contaminants in a sentinel group, such as frequent sport fish consumers, can assist in evaluating the success of source reduction of contaminants and in determining whether public health advisory programs have successfully disrupted transfer through the food chain. Environmental source control has led to an initial decrease in the level of contaminants in fish (35) . Acceptance of, and compliance with, public health sport fish consumption advisories should further contribute to a decrease in human exposure and accumulation of contaminant body burdens (41) .
Time-trend data that assess body burdens of contaminants can be extremely valuable. Our sample of life-long frequent sport fish consumers was useful in identifying parameters to monitor. However, because of the long biologic half-life for most of the compounds, serial study of such a group may not be best suited for detecting changes over time. The impact of exposure reduction should first become evident in cross-sectional age cohort surveillance, especially in younger individuals whose body burdens reflect more recent exposures and are less confounded by exposures decades ago. Few, if any, general comparison population values exist that allow characterization of nonsport fish consumer contaminant tissue residues. Development of such comparison data sets should be a priority.
Beyond the usual total PCBs, DDT, and metabolites of DDT measured in most exposure assessment studies, we recommend two coplanar PCBs-PCB 126 and PCB 169-as priorities for future assessment and consideration in health studies. While some of the dioxin and furan congeners were increased, the ratio to the comparison group was smaller than the PCBs and chlorinated pesticides, suggesting a proportionally smaller contribution of sport fish to the tissue burdens measured. To be useful, biomonitoring surveillance needs to control for regional sport fish consumption. In addition, within the GL basin, it is important to differentiate the source ofsport fish consumed.
